Daunomycin (daunorubicin; Fig. 1B ) and adriamycin (doxorubicin) are commercially important anthracycline antitumor agents. Recent data have indicated a putative pathway for daunomycin biosynthesis in Streptomyces sp. strain C5 and Streptomyces peucetius (4, 5, 8, 9, 33) , a pathway in which two methyltransferase reactions have been proposed (8, 9, 33) . Aklanonic acid methyltransferase (AAMT) catalyzes the methyl esterification of aklanonic acid (Fig. 1A) (8) . Aklanonic acid methyl ester (AAME) cyclase catalyzes the formation of aklaviketone from AAME, and in wild-type anthracycline producers, aklaviketone is reduced to form aklavinone (8) . We have generated mutants specifically blocked in AAMT activity (dauC mutants) and AAME cyclase activity (dauD) (4, 5) .
Carminomycin 4-O-methyltransferase (CMT) catalyzes the transfer of a methyl group from S-adenosyl-L-methionine (AdoMet) to the 4-O-position of carminomycin and 13-dihydrocarminomycin (Fig. 1B) to form daunomycin and 13-dihydrodaunomycin, respectively (9, 10) . CMT has been purified to near homogeneity and is an apparent homotetramer with an M r of ca. 161,000 (10) . A gene from S. peucetius ATCC 29050 encoding CMT has been isolated and sequenced (25) . In this article, we show the isolation and sequence analyses of AAMT, AAME cyclase, and CMT of Streptomyces sp. strain C5. On the basis of a comparison of the sequence similarities and differences, the two methyltransferases apparently belong to two different subgroups. The AAME cyclase appears to be unusual with respect to both its activity and proteins in the databases. We also show the sequence of dauP, encoding an esterase-like function which we hypothesize also to be involved in daunomycin biosynthesis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Streptomyces sp. strain C5 and mutants derived from it have been described previously (4, 5) . Streptomyces lividans TK24 (18) was obtained from D. A. Hopwood. Streptomyces strains normally were grown in YEME (18) supplemented with 20% sucrose. R2YE medium, also used for growth as well as for preparation of streptomycete protoplasts, was prepared as described by Hopwood et al. (18) . Nitrate-defined-plus-yeast-extract (NDYE) medium, used for growth of Streptomyces sp. strain C5 and its mutants, has been described previously (9) . Strains carrying streptomycete plasmids pIJ486 (38) , pIJ702 (18) , and pWHM3 (36) or derivatives of them were grown and stored on plates containing 40 g of thiostrepton per ml.
Escherichia coli JM83 was used to propagate plasmids for sequencing and restriction analyses. E. coli was grown in Luria-Bertani medium, and plasmids were introduced into E. coli by transformation done by standard procedures (26) . For E. coli strains harboring plasmids, ampicillin was added at a final concentration of 100 g/ml.
General genetic manipulations. The procedures for protoplast formation, transformation, and regeneration of protoplasts for Streptomyces sp. strain C5 have been described elsewhere (24) . The procedures used for the preparation of Streptomyces plasmid and chromosomal DNA have been described by Hopwood et al. (18) . The digestion of DNA with restriction endonucleases was carried out according to the manufacturers' directions. Restriction mapping and other routine molecular methods used in this work are described by Maniatis et al. (26) .
DNA sequencing. Both strands of the DNA were sequenced with Sequenase V2.0 (United States Biochemical Corp., Cleveland, Ohio), double-stranded templates, and sequence specific primers and by labeling with ␣-thio-
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S-dCTP (1,000 to 1,500 Ci/mmol; Dupont-New England Nuclear, Boston, Mass.) as recently described (41). 7-Deaza-dGTP was substituted for dGTP to reduce compressions.
DNA and deduced amino acid sequence analyses and database searches. DNA sequence data were analyzed with Clone Manager (Science and Educational Software, Inc., Stateline, Pa.), Genepro (Riverside Scientific, Inc., Seattle, Wash.) and the sequence analysis software package of the Genetics Computer Group (Madison, Wis.) (11) . Open reading frames were detected in the sequenced DNA with the FRAME (7) and CODON PREFERENCE (39) algorithms by IBM-PC programs written in our laboratory (21) . The amino acid sequences of potential gene products were derived by FRAME and CODON PREFERENCE analyses and were compared with those in the databases with BLAST (1).
Enzyme analyses. Mycelial extracts were prepared from 500-ml cultures of Streptomyces sp. strain C5, mutants derived from it, and recombinant S. lividans grown in YEME (18) for 7 days at 30ЊC. The mycelia were harvested by centrifugation at 10,000 ϫ g for 10 min (4ЊC) and washed once in the appropriate buffer for each assay (see below). Pelleted, washed mycelia were broken with a French pressure cell (American Instrument Co., Urbana, Ill.) at 15,000 lb/in 2 . The crude mycelial extracts of unbroken mycelia and insoluble material were clarified by centrifugation at 15,000 ϫ g for 30 min (4ЊC). The supernatants from these steps were used for enzyme assays.
AAMT was analyzed as described by Connors et al. (8) , and the analysis was carried out with mycelial extracts prepared in 50 mM NaH 2 PO 4 -Na 2 HPO 4 buffer (pH 6.0). The assay used 25 nmol of aklanonic acid and 100 nmol of S-adenosyl-[methyl-
3 H]-L-methionine ( 3 H-AdoMet; 5.5 Ci/mol) as substrates in a reaction mixture of 0.25 ml. The final protein concentrations in these assay mixtures were 80 to 100 g/ml. Preliminary experiments were run to optimize this assay with respect to pH, linearity with the protein and substrate concentrations, and linearity with time (12) . The assay conditions above reflect those optimal conditions.
AAMT assays for the generation of the substrate for AAME cyclase assays were run with undiluted 3 H-AdoMet (83 Ci/mmol; 2,701 GBq/mmol). AAME assays were run with mycelial extracts of recombinant S. lividans strains prepared at pH 7.5 in 50 mM NaH 2 PO 4 -Na 2 HPO 4 .
CMT activity was analyzed as described by Connors and Strohl (10) , and the analysis was carried out with mycelial extracts prepared in 50 mM Tris-HCl buffer (pH 8.0). The assay used 25 nmol of carminomycin and 100 nmol of 3 H-AdoMet (5.5 Ci/mol) as substrates in a reaction mixture of 0.25 ml. The final protein concentrations of the extracts in these assay were 800 to 1,000 g/ml.
3 H-AdoMet (83 Ci/mmol; 2,701 GBq/mmol) was obtained from DupontNew England Nuclear.
Partial purification and photoaffinity labeling of AAMT. The product of the dauC gene, AAMT, was partially purified by fractionation through a precalibrated Pharmacia Superose-12 fast protein liquid chromatography column (HR 10/30) equilibrated with 50 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 6.0). Approximately 1.0 mg of protein was loaded onto the matrix. The flow rate of the buffer was 0.5 ml/min, and 1.0-ml fractions were collected for enzyme analysis.
The active fractions from gel filtration were analyzed by photoaffinity labeling of the enzyme with 3 H-AdoMet by procedures described by Yu (42) . The reaction mixture for photoaffinity labeling in a 200-l total volume included the following: the enzyme fraction, 20 g; dithiothreitol, 1 mol; 3 H-AdoMet, 130 pmol (11 Ci); and NaH 2 PO 4 -Na 2 HPO 4 buffer (pH 6.0), 10 mol. Aliquots (20 l) of this reaction mixture were placed into the wells of noncoated, 96-well microtiter plates (Cellwells; Corning Glassware, Corning, N.Y.) on ice and irradiated with 1,200 mJ of UV light (254 nm) with the GS-Gene-Linker apparatus (Bio-Rad, Inc., Hercules, Calif.). The 20-l aliquots were pooled and analyzed by both nondenaturing and denaturing polyacrylamide gel electrophoresis (PAGE) (23) and then by autoradiography. Resolving and stacking gels were 10 and 3% (wt/vol) acrylamide-bisacrylamide, respectively. When used, sodium dodecyl sulfate (SDS) was added at 0.1% (wt/vol). Proteins in the gels were silver stained essentially as described by Merrill et al. (27) .
For autoradiography of the photoaffinity-labeled protein, the stained gels were treated with a 20-volume solution of Enlightning (Dupont-New England Nuclear) for 30 min. The treated gels were dried onto Whatman chromatography paper (3MM Chr; Whatman International, Ltd., Maidstone, United Kingdom) with a gel drier (model 1160 slab gel dryer; Hoefer, San Francisco, Calif.) and placed at Ϫ70ЊC with XR-100 X-ray film (Sterling Medical Film, Bio-World, Inc., Columbus, Ohio).
Detection of anthracyclines. Anthracyclines were extracted, isolated, and analyzed by methods described previously (5, (8) (9) (10) .
Nucleotide sequence accession number. The 4,134-nucleotide (nt) DNA sequence described in this paper has been deposited at GenBank with the accession number L35154.
RESULTS AND DISCUSSION
Origin of DNA. We recently described the isolation of a ca. 30-kbp region of DNA from Streptomyces sp. strain C5 and sequence analysis of the putative daunomycin polyketide synthase (PKS) biosynthesis genes within an 8,089-nt region of that DNA (41). The genes described herein were found clustered directly downstream of the putative daunomycin PKS genes (Fig. 2) . The localization of these daunomycin biosynthesis genes with the polyketide biosynthesis genes previously described (41) strongly reinforces the hypothesis that the PKS genes previously described encode daunomycin PKS.
Sequence analysis. A 4,134-nt DNA fragment was sequenced completely in both directions with a combination of subclones (Table 1) and universal forward and reverse primers and with sequence-specific primers. Only the sequence of 840 nt downstream of the EcoRI site (Fig. 2) containing the 5Ј end of dauC, all of dauD, and the 5Ј end of dauK is shown here (Fig. 3) . By means of both the FRAME (7) 
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on February 20, 2013 by PENN STATE UNIV http://jb.asm.org/ ment, one reading from right to left and three reading divergently from it ( Fig. 2) . The first open reading frame had a FRAME profile uncharacteristic of typical streptomycete open reading frames (12) , but it was detected with CODON PREF-ERENCE. The GϩC content of dauC was only 65.5 mol%, which is low for a streptomycete gene (7), whereas the GϩC content of the entire 4,134-bp fragment, including both the genes and intergenic regions, was 69.3 mol%.
Function of DauC (AAMT).
Plasmids pANT143 (Table 1 ; Fig. 2 ) and pANT154 (Table 1 ; Fig. 2 ) were used to transform Streptomyces sp. strains SC5-69, a dauC mutant, and SC5-147, a dauC-dauE double mutant, both of which accumulate aklanonic acid (4, 5) . Both plasmids restored daunomycin production to strain SC5-69 and maggiemycin (the expected product of a dauE mutant [8] ) production to SC5-147. The products of each experiment cochromatographed with authentic standards by thin-layer chromatography and high-pressure liquid chromatography (12) as described previously (5, (8) (9) (10) . Moreover, plasmids containing the dauC gene conferred a strong increase in AAMT-specific activity in the dauC Streptomyces sp. strains SC5-69 and SC5-147 (Table 2) .
S. lividans TK24 was transformed with the dauC-containing plasmids pANT143 and pANT154 as well as with the control vectors pIJ702 and pWHM3. S. lividans transformed with plasmids containing an intact dauC gene had approximately 13-fold more AAMT activity than the strain transformed with control vectors (Table 2) . By means of procedures identical to those previously described (8) , the dauC-specific, 3 H-methylradiolabeled product was confirmed by thin-layer chromatography and autoradiography to comigrate with aklanonic acid methyl ester (12) .
The dauC gene product was purified 6.5-fold from extracts of S. lividans(pANT154) by a single gel filtration step through Superose-12 (Fig. 4A) . The active fraction yielded a protein with an approximate M r of 45,000 (Fig. 4B) , which is just slightly less than twice the size of the deduced protein predicted from the amino acid sequence (M r , 24,319) and SDS-PAGE (Fig. 5A ), indicating that AAMT is a homodimer.
FIG. 2.
Restriction map of part of the daunomycin biosynthesis gene cluster from Streptomyces sp. strain C5. The genes within the 4.13-kbp KpnI-PstI fragment described in this paper, including dauC (AAMT), dauD (AAME cyclase), dauK (carminomycin 4-O-methyltransferase), and dauP (uncharacterized putative esterase function), are indicated by solid arrows. The sequence of an 840-nt region within this fragment (denoted by the shaded box) is given in Fig. 3 . The sequences and descriptions of dauA, orfA to orfF, and dauB have been described elsewhere (41) . The inserts of plasmids pANT122, pANT142, pANT143, pANT144, and pANT154 are indicated. Abbreviations for restriction endonuclease sites: B, BamHI; Bg, BglII; C, ClaI; E, EcoRI; K, KpnI; P, PstI, S, SacI; X, XhoI. Fractions 13 and 14 from the Superose-12 chromatography step containing AAMT activity were photoaffinity labeled with 3 H-AdoMet and separated by nondenaturing PAGE (Fig. 5B  and C) . A single protein from fraction 14 (Fig. 5B) , which contained the bulk of AAMT activity, was strongly photoaffinity labeled with 3 H-AdoMet (Fig. 5C ). Fraction 13, which contained only a lower level of AAMT activity, yielded a small amount of 3 H-AdoMet-labeled protein. Photoaffinity labeling of the protein, followed by SDS-PAGE, resulted in the 3 HAdoMet labeling of a single polypeptide species with an M r of 24,000 (the band marked with an arrow in Fig. 5A) ; unfortunately, SDS-PAGE substantially lowered the level of label remaining associated with the protein, making the band barely visible on the film even after 10 days of autoradiography (12) .
In a control experiment, similar analysis of S. lividans (pIJ702) extracts yielded no protein fraction with AAMT activity (12) . The 3 H-AdoMet-binding product of the tsr gene (23S rRNA methylase [35] ) present on pIJ702 (a positive control for the photoaffinity-labeling experiment) was observed on the SDS-PAGE gel at a calculated M r of 26,000 (12) , which compares with the predicted M r of 28,901 for Tsr (6) .
Taken together, the complementation of dauC mutants, expression of dauC in S. lividans, partial purification of DauC from S. lividans by the AAMT assay and photoaffinity labeling of the enriched product, and similarities with members of a group of small methyltransferases (see Table 3 and later discussion) show that the dauC gene encodes AAMT, the first major modification step in the pathway.
Function of DauD (AAME cyclase). The deduced product of dauD has an apparent M r of 18,495 and has little sequence identity with any known protein in the databases (12) . DauD was found, however, to restore maggiemycin production (the product accumulated by dauE strains) to SC5-141, a previously isolated dauD dauE double mutant that accumulates AAME (4) . Similarly, when introduced into S. lividans TK24, dauD conferred substantial AAME cyclase activity on the heterologous host (Fig. 6 ). AAME cyclase activity was observed at both pH 7.5 ( Fig. 6 ) and pH 6.0 (12), suggesting that it has a broad optimal pH range for activity. Thus, both complementation and heterologous expression data support the contention that dauD encodes AAME cyclase.
Function of DauK (CMT). Plasmids containing intact
Streptomyces sp. strain C5 dauK conferred CMT activity on S. lividans TK24 (Table 2) . By means of procedures identical to those previously described (9, 10) , the dauK-specific [ 3 H] methyl-radiolabeled product was confirmed by thin-layer chromatography and autoradiography to comigrate with daunomycin (12) . Interestingly, extra copies of dauK in Streptomyces sp. strain C5 did not significantly increase CMT specific activity in that strain (Table 2) , presumably because the putative enzyme inhibitor, previously observed during purification of CMT from Streptomyces sp. strain C5 (10), was not completely titrated out by the additional enzyme.
The deduced product of Streptomyces sp. strain C5 dauK was 95% identical to S. peucetius dnrK, which has been shown to encode CMT (25) , and has strong regions of similarity with DnrK and other methyltransferases ( Table 3 ). The predicted M r for DauK is 38,713. We previously purified the Streptomyces sp. strain C5 CMT to near homogeneity and found that the nondenatured enzyme had a calculated M r of ca. 161,000. In conjunction with our previous data (10), the current data indicate that CMT is a homotetramer with an M r of 154,852.
Speculated function of DauP. The dauP gene is found immediately downstream of dauK (Fig. 2) . The deduced product of dauP has an M r of 32,427. DauP has a 56% amino acid sequence identity with RdmC (28) (Fig. 7) , a deduced protein from Streptomyces purpurascens that was recently shown, along with the products of at least three other genes, to be involved in the conversion of aclacinomycin and aklavin to 10-demethoxy-10-hydroxy derivatives of those compounds (28, 29) . DauP also has a 24 to 26% sequence identity with Pseudomonas carboxymethylesterase Est5 (32) and Acinetobacter calcoaceticus CatD (␤-ketoadipate enol-lactone hydrolase [17] ) (Fig. 7) . DauP contains the typical conserved serine hydrolaseactive site, GXSXG, at amino acids 100 to 104 (Fig. 7) as well as a conserved histidine residue at position 275, conserved with the other deduced proteins analyzed, that was suggested by Shimada et al. (32) to be involved in the catalytic triad required for the charge-relay mechanism common to esterases (32) . The four proteins also contain four conserved aspartate residues that could also be involved in the catalytic triad (Fig. 7) .
The only theoretical reaction in daunomycin biosynthesis that would include a hydrolysis reaction of this type, i.e., hydrolysis or deesterification, would be the removal of the methyl group added by aklanonic acid methyltransferase as part of the process of converting Type II anthracyclines such as aclacinomycin (i.e., those containing the carbomethoxyl group at C-10) to Type I anthracyclines such as daunomycin and doxorubicin that lack the carbomethoxyl moiety at C-10 (14, 33). We have previously suggested that this reaction takes place after the glycosylation of ε-rhodomycinone (33), although no solid evidence for the order of this reaction in the pathway is yet available. As mentioned above, RdmC has been implicated in reactions which include deesterification of aklavin and aclacinomycin A (28, 29) . This is consistent with, although clearly not proof for, dauP encoding anthracycline 15-methyl esterase.
Comparison of methyltransferase sequences. Upon analysis of the amino acid sequence of human erythrocyte D-aspartyl/ L-isoaspartyl methyltransferase, Ingrosso et al. (19) suggested that a wide range of methyltransferases contain three conserved domains, which they labeled Regions I, II, and III (Table 3) . Regions I and III coincide with the consensus regions observed by other investigators (37, 40) ; Region I also contains highly conserved AdoMet-binding sequences (19, 37, 40) . DauC was found to align with a group of deduced 22-to 28-kDa proteins (containing 203 to 254 amino acids), four of which are well characterized methyltransferases (Table 3 ). E. coli UbiG catalyzes AdoMet-dependent methylation of 2-octaprenyl-3-methyl-5-hydroxy-6-methoxy-1,4-benzoquinone, the terminal step in the formation of ubiquinone (40), and Rhodobacter sphaeroides PmtA catalyzes the N-methylation of phosphatidylethanolamine (3) . Catechol O-methyltransferase, the only methyltransferase which has been crystallized and studied by X-ray diffraction (37) , fell into the same size group as DauC. Also belonging to this group is D-aspartyl/L-isoaspartyl methyltransferase, a protein methyltransferase (19) . DauC has significant similarity with the product of the bioC gene, which encodes an uncharacterized step in the biotin biosynthesis pathway (30) . DauC also has lower but still significant sequence similarities with the gene products of the germination factor gerC2 from Lactococcus lactis (15) , E. coli ubiG (40) , and R. sphaeroides pmtA (3), particularly in regions of conserved domains (Table 3 ). The functions of bioC and gerC2
are not yet known, although our analysis suggests that these genes may bind AdoMet in some manner (Table 3 ). The Genetics Computer Group PILE-UP and LINE-UP algorithms (11) were used to show that this group of methyltransferases clustered separately from the group of larger methyltransferases, i.e., those containing 332 to 393 amino acids, to which DauK belongs (12) .
CMT is highly similar in size, overall amino acid sequence, and spacing of the three conserved domains to other methyltransferases involved in antibiotic biosynthesis pathways (Ta -FIG. 6 . Thin-layer chromatography and autoradiography of assay for AAME cyclase activity in recombinant S. lividans TK24 containing genes isolated from Streptomyces sp. strain C5. The solvent used was benzene-acetone-methanol (100:10:1). In the left lane, the extract from S. lividans TK24(pANT154) (dauC ϩ ) was incubated at pH 6.0 with 3 H-AdoMet and aklanonic acid as described in Materials and Methods. The accumulated product (AAME) was extracted with chloroform-methanol (9:1), dried, and reconstituted in methanol as previously described (8) for use as a substrate in a second incubation with the extract from S. lividans TK24(pANT142) (dauD ϩ ) prepared at pH 7.5. Part of the AAME accumulated in the AAMT reaction was converted by the second reaction to aklaviketone (AKLK). In the right lane, the extract from S. lividans TK24(pANT154) (dauC ϩ ) was incubated at pH 6.0 with 3 H-AdoMet and aklanonic acid as described in Materials and Methods. The accumulated product was extracted as described above and used as a substrate for incubation with the extract from S. lividans TK24(pWHM3) (control) prepared at pH 7.5. None of the AAME accumulated in the first AAMT reaction was converted to AKLK in the absence of DauD. ORI, origin. ). These methyltransferases also constitute a discreet cluster as observed by PILE-UP analysis (12) . This group of larger methyltransferases appears to be more highly conserved in all three regions than the members of the group of smaller methyltransferases (Table 3 ). Our analysis (Table 3) suggests that DauC and DauK are members of two different subgroups of methyltransferases, each of which shares characteristics such as size and approximate position of conserved regions within the amino acid sequences. These groups are not meant to be inclusive; it is well known that other clustered groups of methyltransferases exist. For example, bacterial DNA cytosine methyltransferases form a separate cluster of methyltransferases (31).
